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 Statistical methods were applied to compare the accuracy of global burned area products. 1  Probability sampling was used to infer product accuracy for the globe. 2  MODIS MCD64 was the most accurate burned area product evaluated. based on the merging of VGT and MERIS data . 99 MCD45 is currently the standard MODIS BA product. It is based on a prognostic model that 100 compares estimated versus actual reflectance for different MODIS spectral bands (Roy et al. 101 2005) . MCD64 is the primary data source of the Global Fire Emissions Database (GFED) 102
Versions 3 and 4 (Giglio et al. 2010; 2013 ). This product is based on MODIS spectral indices and 103 active fire observations (Giglio et al. 2009 ). Geoland2, based on a temporal index of near 104 infrared reflectances of the SPOT VGT sensor, is built on the experiences of the Global Burned 105 Area (GBA2000), Globcarbon and L3JRC projects (Tansey et al. 2012; . The latter two 106
could not be assessed in this paper, as they do not include 2008 data, which was selected as 107 the golden validation year for the ESA CCI program. 108
All six BA products compared in this study include monthly files with pixel values referring to 109 the day of the year (DoY) when a burned area was detected (1-365, 0 meaning unburned). 110 
Sampling Design 113
The sampling design, reference data generation and methodology for estimating accuracy had were defined; each one of the seven biome-based (geographic) strata was split into two 123 regions of high and low BA. The global distribution of the sample is illustrated in Figure 1 . 124 Globally, 103 TSAs were analyzed out of the 105 selected for the sample. Two TSAs were 125 excluded because at least one of the BA products did not report results for the region within 126 which that TSA was located. Specifically, the MCD64 had all pixels with no-data available in one 127 TSA, and MCD45 in a second TSA. 
Accuracy measures 142
The validation results are based on the cross tabulation or error matrix approach (Table 2) estimates of the error matrix ( ij P ) are obtained from the sampled pixels with available product 145 8 and reference data. To build the error matrices, product pixels were coded as "burned" if fire 146
was detected between the reference image acquisition dates. The rest of the product pixels 147 were coded as "unburned" or "no-data", the latter for unobserved pixels. 148
The error matrix cell entries for pixel u (e ij,u ) are based on the proportion of area of agreement 149
or disagreement in that pixel (Padilla et al. 2014a ). The error matrix of a TSA t is based on the 150 sum of its single pixel error matrices (
; the summation is over all interpretable 151 pixels within TSA t, N t ). Error matrices can be expressed in terms of proportion of area if 152 divided by the number of interpretable pixels. The population error matrix expressed as 153 proportion of area is based on the sum of e ij values,
, , divided by the number of 154 interpretable pixels (N) for the region of interest, samples. The statistical significance of the difference in accuracy between two products (i.e., 223 the difference between the parameters R and R') was evaluated with the z statistic 224
which follows a standard normal distribution (assuming a large sample size). To determine 226 whether one product has different accuracy from another product the null hypothesis of no 227 difference would be rejected at the 0.003 (0.05/15) level of significance, which is equivalent to 228 the widely used 5 percent level once the multiple testing feature is taken into account using 229 the Bonferroni method (Miller 1966) . That is, the Bonferroni method ensures that for the set 230 of 15 pairwise comparisons among the six BA products for a given accuracy metric, the 231 probability of at least one Type I error is 0.05 or smaller. 232
Because low bias (regardless of the sign) is a desirable feature of a BA produce (i.e., minimal 233 overestimation or underestimation of BA), the comparison of bias required an additional step 234 not present in other comparisons. Specifically, for a pair of products with different averaged 235 bias signs, the negative bias was re-defined as P 21 -P 12 . For example, if B=0.03 for one BA 236 product and B=-0.01 for another, instead of using the simple difference (0.04), we used the 237 actual deviation from 0 (0.03-0.01=0.02), and whether this difference would be statistically 238 significant. This modification made it possible to know which product was closest to the lack of 239 bias (B=0 and relB=0). 240 13
Results 241
The estimated error matrices ( ij P ) and accuracy measures describing accuracy for the globe 242 are presented in Tables 3-4 All products were validated with a common set of reference sites; however, VGT_cci and 264 MCD64 had slightly higher BA% (>0.40%) relative to the other four products (see right column 265 of Table 3 ). This may be attributable to VGT_cci and MCD64 having more no-data pixels within 266 the reference unburned area than in the reference burned area. The estimated error matrices 267 and accuracy measures considering no-data of products as unburned are presented in the 268
Appendix, for all 105 TSAs originally selected. Minor differences were observed in the results 269 with respect to using 103 sites where all products have valid data. Greater differences among 270 BA products were observed in the quantity of available data. The proportion of available pixels 271 15 in the 105 TSAs was near 82% for VGT_cci and MCD64, 97% for MCD45, and 100% for the 272 other products. 273
While overall accuracy (OA) exceeds 99% for all products, the accuracy results are less 274 favorable for the burned class. Burned area commission error ratio (Ce) is above 40% for all 275 products and above 90% for VGT_cci . Burned area omission error ratio (Oe) is above 65% for 276 all products and above 90% for VGT_cci and Geoland2.. The Oe translates to underestimation 277 of BA, except for VGT_cci and MERGED_cci. The latter product is the only one that 278 overestimates BA (estimated bias of 0.21% in terms of percent of area, and 62% in terms of 279 relative bias). For MCD64, MCD45, Geoland2 and MERIS_cci, the bias (B) ranged from -0.23% 280 to -0.12% in terms of percent of area, and relative bias (relB) ranged from -68% to -34%. 281
The pairwise comparison of product accuracies using the accuracy measures and the z test 282 identified MCD64 as the best performing product. It had statistically significantly (α=0.003) 283 higher accuracy than all other products except for MCD45 on DC, Ce and Oe. MCD45 was the 284 second best based on the accuracy scores. It had significantly higher DC than all other products 285 except MCD64 and MERIS_cci. MERIS_cci was the third best performing product as it had 286 higher accuracy than the other two fire_cci products and Geoland2, on DC and in Ce and Oe. 287 BA data in either the reference or the global product are absent. Nevertheless, as it is 292 described in Section 2.5 those matrices contributed as well to the global error matrices. 293
Four products had large underestimation of BA while MERGED_cci and VGT_cci had large and 294 moderate overestimation respectively (Table 4) . The low estimated bias with a large variance 295 of VGT_cci (relB was 4% and its standard error 54%) reflects that the per-TSA overestimates 296 and underestimates offset yielding a small final overall bias. 
